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Changes in luminescence emission induced by proton irradiation:
InGaAs/GaAs quantum wells and quantum dots
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The photoluminescenc@L) emission from InGaAs/GaAs quantum-well and quantum+¢D)
structures are compared after controlled irradiation with 1.5 MeV proton fluxes. Results presented
here show a significant enhancement in radiation tolerance with three-dimensional quantum
confinement. Some additional radiation-induced changes in photocarrier recombination from QDs,
which include a slight increase in PL emission with low and intermediate proton doses, are also
examined. ©2000 American Institute of PhysidsS0003-695(00)01615-4

Semiconductor quantum dotQD) lasers with low forming InGaAs/GaAs QDs surface coverage range from 5%
threshold currents and high gdif, and QD infrared to 25%, depending on growth conditidfs Therefore exci-
photodetectors capable of incident photon absorption are ton localization in the QDs due to three-dimensional confine-
showing successful implementations of the unique opticament(the InGaAs dots used here average 5 nm height and 25
properties of self-forming semiconductor QDs. Future devicenm diameter will reduce the probability of carrier nonradi-
applications include the use of coupled QDs as the basiative recombination at radiation induced defect centers out-
structures in the fabrication of cellular automata in novelside the QDs. Here we compare the optical emission from
computing architecturésand frequency domain optical |nGaAs quantum wel(QW) and QD structures after con-
storagé based on self-assembled QDs. trolled irradiation with 1.5 MeV protons.

Minimizing the impact of radiation induced degradation Details of the growth conditions of InGaAs/GaAs QDs
in optoelectronic devices is important for several applicaty metal organic chemical vapor deposition have been de-
tions. In space, protons pose a particularly severe threat tecribed in previous work® After deposition of GaAs buffer
both planetary and Earth-orbiting spacecraft because thegyers at 650 °C, the temperature was lowered to 550 °C and
produce damage effects by several mechanisms. Due to the{gnometer sized InGaAs islands were grown by depositing
mass, protons can cause significant displacement damage in5 pL of Ino.Gay As. QW samples were obtained by stop-
the semiconductor lattice, which is the primary cause of P€ping the growth of InGaAs before the onset of the Stranski—
formance degradation and failure in several types of semix astanow transformation, giving thiid nm) QWs. Ternary
conductor devices. The effects of proton irradiation are als%ompositions between the samples were identical, and so
of interest in the use of ion beam modification or “defect,, < the capping layer thickne&s00 nm for both QDs and
engineering” in electronic materials. Proton implantation iSQWs), therefore these results are not dependent on material

ofter_l Lése? gford devuie blsolatlgr][ ) 'g cqn:p(;un_dlor proton energy loss differences. Atomic force microscopy
semiconductors,and can aiso be used 1o Induce ntertacial, g yransmission electron microscdpy2have given struc-

compositional disordering in both quantum wekmd quan- tural information on island sizes and surface densities in

tum dots; wh|_ch.|n turn, results in blue-shifted photolumi capped and uncapped InGaAs QDs. Samples were irradiated
nescence emission from both types of quantum structures, . .

. at room temperature using a Van De Graaff accelerator with
Some of the fundamental properties of QDs suggest that o

. S ; 5 MeV protons at doses ranging fromx10' to 2
toelectronic devices incorporating QDs could tolerate more 5 5 .
: 10" cn? and a dose rate of %6102 proton/s. Dose unifor-
displacement damage than other heterostructures. One 0

them is based on a simple geometrical argument: the tot ity was monitored using radiochromic film at low doses.
volume percentage of the active region is very srialself- ( ffgﬁﬂeéexeﬁirigjrzg Bzi?\tsltl::gIgijcsﬂelﬁemoizsnufgs:tizn
laser for excitation and a cooled Ge detector with lock-in
dpresent address: Research and Development Laboratories, Culver Ci%‘chniques for signal detection.

CA 90230. . .

bpresent address: Nanyang Technological University, School of Electrical ~ Figure 1 shows the e_'ﬁ?CtS of different proton fluences
and Electronic Engineering, Singapore 639798. on the measured PL emission from both types of samples,
0003-6951/2000/76(15)/2074/3/$17.00 2074 © 2000 American Institute of Physics
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PL spectraimeasured at 5 Kat a proton dose of 2:710*cn? from QD
structures with low QD density (3:610° dots per crf). The spectra were

(b obtained at constant excitation and show simultaneous emission from QD
.......... -0 2 and wetting layer states.

. than QWs. This increase in radiation hardness is significant,
o1 ? * ' because QW based devices already represent a vast improve-
ment in radiation tolerance over bulk devices like optocou-
plers, which show significant degradation with proton
irradiation?® and light emitting diodeLEDs) based on
QWs have shown an order of magnitude greater tolerance to
proton induced damage when compared to LEDs based on
. p—n junction geometrie&’ These results show that QDs can
<O -Integrated QW PL. be used in radiation hard optoelectronic devices. This is con-
00001 - Inegrated QDPL . firmed by recent data showing effects of phosphorus ion ir-
10" 10" 102 10 10™ 10“ 10% radiation on QD laser diodes and detectdrs.

Figure 2 shows some of the effects of proton irradiation
in QD structures with a low QD density. These structures
FIG. 1. (a) Comparison of PL specti@easured at 5 Kirom InGaAs/GaAs ~ ShOW a strong PL peak from the wetting lay&vL). The
quantum wells and from quantum dots in high surface densities (2.4NL is a very thin QW which forms prior to the dots in
X 10 dots per crf) after irradiation with selected proton fluxes. The solid Stranski—Krastanow growth. If the average QD separation is
lines show spectra before irradiation. The dotted lines show spectra after 1.5 ] . ; . ;

MeV proton irradiation in dosegper cnf) of (1) 7X10' (2) 6x 105, (3) greater than the, twg-dlmensmnéﬂD) dlffus_lon lengths in
2X 105 (4) 3x 102, (5) 6x 103, and(6) 2x 101, (b) Integrated PL emis-  the WL, recombination from WL states will occur for pho-
sion normalized to the as-grown samples for QW and QDs as a function ofocarriers generated in the WA and PL peaks will be
proton dose. observed from both structures. Figure 2 shows that proton
irradiation has different effects on the WL peélt 1.3 eVf
InGaAs/GaAs QDs and QWs. The differences in the nonthan on the QD peakd.7 eV for the ground state—excited
irradiated (as-grown PL emission are apparent and have states emission is seen here
been discussed in previous wdf~**Due to increased ex- Figure 1(and Fig. 2 show a slight increase in PL signal
citonic oscillator strength in the structures with three-(from ~10% to 70% after low to intermediate proton doses
dimensional confinement, the integrated emission intensity (from 7x 10" to 7x 10*2cn¥). Since no such increase is
is greater, even though only a fraction of the area is coveredbserved in the QWs we attribute this PL enhancement to
by QDs. Figure (a) also shows that the luminescence from effects from three-dimensional quantum confinement. Re-
the QDs is broader. This inhomogeneous broadening origiduction of the phonon bottleneck by defect assisted phonon
nates from slight size nonuniformities and from the effects ofemission has been proposgds a mechanism to explain the
varying lateral strain in disordered dense dot ensemfles.bright PL emission in QDs. Introduction of deep level de-
The PL emission from the QW is at a higher energy than thdects as those originated from displacement damage might
QDs because very thin QWEL nm) are used to obtain provide additional relaxation patffsfor thermalization of
dislocation-free 1g¢Gay As QWSs. Figure (a) also shows carriers and therefore increase the luminescence emission.
that proton irradiation did not shift the emission wavelength ~ The mechanisms responsible for the small degradation
in either QD or QW structures. Figurgld compares the observed in the optical emission from QD structufesth
measured integrated PL intensities from QWs and Qids-  proton fluences above 1%tn?) also remain to be fully in-
malized to the nonirradiated valyeas a function of proton vestigated. Carrier generation, capture, transfer, and recom-

dose. InGaAs QDs are seen to be more radiation tolerartination in InGaAs QDY *are limited by the photogener-
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T AL degradation of the hole mobility in the GaAs barrier and
@ epiiiiiiririsieaeseeesinnd InGaAs wetting layef? which peaks at-80-100 K for non-

‘ o ] irradiated structures. Mobility degradation due to proton
o 1 damage in the barrier and WL would then affect carrier cap-
ture and transfer into the dots. FigurébBshows a more
pronounced decrease in the inhomogenous PL broadening
o with temperature after radiation damage. This decrease in the
0.1 ¢ : 3 full width at half maximum(FWHM) of the PL band has
been attributed to carrier thermal emission from the smaller
. ] dots in the ensembf€. With radiation damage, the onset of
. ] thermionic emission will also be acompanied by defect as-
: sisted nonradiative recombination, making this effect even
001 bt stronger, which might explain the stronger decrease in inho-
mogeneous PL broadening seen in Fif)3

1000/T In summary, results presented here show that the lumi-
70—t nescence from QDs structures is inherently radiation tolerant
 (b) ] due to the effects of three-dimensional quantum confine-
. ] ment. An increase in radiation hardness of as much as two
orders of magnitude has been obtained by comparisons with
a i ] similar quantum wells. Additionally, we show that a slight

- 1 increase in PL emission from InGaAs/GaAs QDs can be ob-
. ] served with low to moderate proton doses.
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FIG. 3. Radiation induced changéwith 1.5 MeV protons at a dose of
3.5x10%cn) in the QD PL temperature dependenta. Total integrated
PL emission from QD structures, filled circles show signal before proton 5
irradiation, hollow squares indicate signal after irradiati@s. Temperature
dependence of the inhomogeneous broadening of the PL emission from QD
before(filled circles and after irradiatiorthollow squares
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